Background-c-Cbl, a ubiquitously expressed protooncogene, is tyrosine phosphorylated in response to a variety of stimuli, including growth factors such as platelet-derived growth factor (PDGF), and consequently activates signaling proteins such as phosphatidylinositol-3 kinase (PI3K) and Akt. In the present study, we examined the role of c-Cbl tyrosine phosphorylation in vascular injury. Methods and Results-Western blotting showed that the tyrosine phosphorylation of c-Cbl was increased in ballooninjured rat carotid arteries and in cultured smooth muscle cells on stimulation by PDGF-BB, followed by the activations of Akt and the mammalian target of rapamycin. Adenovirus-mediated overexpression of a c-Cbl mutant that ablates the major tyrosine phosphorylation sites attenuated the Akt and the mammalian target of rapamycin activation and decreased the proliferation and migration of smooth muscle cells in response to PDGF-BB or fibroblast growth factor. These effects could be reversed by constitutively active PI3K or Akt, suggesting that c-Cbl phosphorylation promotes the PDGF-BB-induced proliferation and migration of smooth muscle cells through the PI3K/Akt pathways. In addition, overexpression of c-Cbl-m increased the ubiquitination of the PDGF and fibroblast growth factor receptors. Importantly, in balloon-injured rat carotid arteries, local delivery of c-Cbl-m reduced the phosphorylation of Akt and the mammalian target of rapamycin, inhibited the migration and proliferation of smooth muscle cells, and prevented neointimal hyperplasia. 
G rowth factors released during the arterial injury caused by therapeutic coronary interventions can induce intimal hyperplasia and hence clinically significant restenosis. 1, 2 Platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and their receptors (PDGFR and FGFR, respectively) play a central role in the pathogenesis of intimal hyperplasia and mediate a number of important processes, including the proliferation, migration, and survival of vascular smooth muscle cells (SMCs). [3] [4] [5] The molecular mechanisms controlling growth factor-induced neointimal hyperplasia remain to be elucidated.
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c-Cbl is the cellular homolog of retroviral oncogenic protein v-Cbl cloned from the Cas NS-1 retrovirus, which induces Casitas B-lineage lymphoma. 6 It is an adaptor protein and E3 ubiquitin-protein ligase that can either positively or negatively regulate signal transduction cascades. 7, 8 c-Cbl is known to become tyrosine phosphorylated in response to a number of cellular stimuli, including ligation of T-cell and B-cell receptors, activation of integrins, and activation of receptor tyrosine kinases such as PDGFR and FGFR. On stimulation, c-Cbl is rapidly phosphorylated on the tyrosine residues localized within its C terminus, leading to its interaction with a plethora of SH2-containing proteins such as the p85 subunit of phosphatidylinositol 3-kinase (PI3K), the Crk adaptor proteins, and Src family tyrosine kinases. 7, 9 c-Cbl also can associate with activated receptor tyrosine kinases, including epidermal growth factor receptor and PDGFR, via its tyrosine kinase-binding domain and ubiquitinylate these receptors to result in their downregulation. 7, 8, 10 c-Cbl is expressed in virtually all cell types primarily as a cytosolic protein. Emerging evidence has revealed essential roles of c-Cbl in multiple cellular processes, including immune response, 11 cell growth and transformation, 12 bone development, 13 insulin signaling 14 and platelet activation. 15 In vascu-lar endothelial cells, c-Cbl mediates the endothelial signaling elicited by shear stress and VEGF. 16, 17 Recently, c-Cbl also has been shown to be involved in angiogenesis. 18 However, a functional role of c-Cbl in vascular SMCs and the injury response of vessel wall remain largely unknown. In the present study, we aimed to determine the pathophysiological role of c-Cbl in vascular injury response in SMCs in vitro and balloon-injured arteries in vivo.
Methods

Cell Culture and Reagents
Rat aortic SMCs were isolated and grown in DMEM supplemented with 10% FBS and antibiotics. Antibodies against c-Cbl, ubiquitin, FGFR, and PDGFR␤ were from Santa Cruz Biotechnology (Santa Cruz, Calif). Antibodies against phospho-Tyr731-c-Cbl, phosphoThr308-Akt, Akt, the mammalian target of rapamycin (mTOR), and phospho-Ser2448-mTOR were from Cell Signaling Technology (Danvers, Mass). LY294002, basic FGF (bFGF), and BrdU were from Sigma-Aldrich (St Louis, Mo). Other reagents were from Sigma-Aldrich unless specified.
Adenoviral Vectors
To generate Ad-c-Cbl-m, the cDNA fragment encoding HA epitopetagged c-Cbl mutant, in which tyrosines were mutated into phenylalanine at positions 700, 731, and 774, 16, 19 was subcloned into pAdlox and recombined with an E1-and E3-deleted adenovirus-5 genome DNA. The expression of the inserted gene was driven by a 7ϫ tet operon/minimal cytomegalovirus promoter, which was further under the control of tetracycline-responsive transactivator (tTA). The adenoviruses were plaque purified and titrated in 293 cells. Ad-CA-PI3K expresses a constitutively activated PI3K catalytic domain fused with the binding domain of p85. Ad-CA-Akt expressing a constitutively active Akt (rendered by the addition of the Src myristoylation signal), Ad-tTA, and Ad-LacZ were described previously. 20 Northern Blotting, Immunofluorescence, Immunoblotting, and Immunoprecipitation Total RNA was isolated from SMCs for Northern blotting, which was performed as previously described. 21 Proteins were extracted from SMCs or vessel segments and subjected to immunoblotting and immunoprecipitation. 22 Immunofluorescence staining was performed with primary antibodies against c-Cbl and HA tag and detected with fluorescein-conjugated secondary antibodies. Experimental procedures are described in the online Data Supplement.
Cell Proliferation, Migration, and Cell Cycle
Experimental procedures were performed as previously published 23 and are described in the online Data Supplement.
Balloon Injury and Adenoviral Gene Transfer
Animal protocols were approved by the Animal Research Committee of the Peking University Health Science Center. Balloon injury was performed as described previously. 24 Briefly, rats weighing 350 to 400 g were anesthetized with sodium pentobarbital (60 mg/kg IP). The left common carotid artery was injured with a 2F Fogarty balloon catheter inserted from the external carotid artery. For adenoviral infection, a segment of common carotid artery Ϸ1 cm long was isolated by placement of vascular clamps on the proximal common carotid and proximal internal carotid arteries. Adenoviral solution (20 L) containing Ad-LacZ (used as a vector control for in vivo study) or Ad-c-Cbl-m, together with Ad-tTA (2ϫ10 9 plaqueforming units, combined) in PBS, was introduced into the injured common carotid through a syringe placed in the external carotid artery and incubated for 10 minutes. After the viral solutions were withdrawn, the external carotid artery was ligated, and blood flow through the common and internal carotid arteries was restored.
Immunohistochemistry and Morphometry
The arteries were perfusion fixed with 4% paraformaldehyde in PBS under a pressure of 100 mm Hg and snap-frozen in optical coherence tomography embedding compound. Immunohistochemical staining was performed as previously described. 19 The sections were reacted with appropriate primary antibodies and a horseradish peroxidaseconjugated secondary antibody. Diaminobenzidine tetrahydrochloride was used for the color reaction. Negative controls were prepared with the use of species-and isotype-matched IgG. The sections were counterstained with hematoxylin and eosin for morphological observation. Neointimal formation was evaluated from the intimal area and the intima-to-media ratio using Image-Pro Plus software.
To detect the vascular cell replication rate in vivo, rats were intraperitoneally injected with BrdU (50 mg/kg) at 18 and 2 hours before euthanasia. The cryosections of arterial segments were denatured with 1.5N HCl, reacted with anti-BrdU antibody, and detected with horseradish peroxidase-conjugated antibody. Nuclei were counterstained with hematoxylin.
Statistical Analyses
All values are expressed as meanϮSEM. Student's t test (paired groups) or 2-way ANOVA, followed by Bonferroni's posttest (multigroup comparisons), was used to analyze the statistical significance of differences. Values of PϽ0.05 were considered significant.
The authors had full access to and take responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
c-Cbl Tyrosine Phosphorylation Is Increased in Response to Vascular Injury In Vivo and PDGF In Vitro
To investigate the potential role of c-Cbl in vascular injury, we first determined whether phosphorylation of c-Cbl is altered in injured arteries. Rat carotid arteries were injured by balloon angioplasty. Proteins were extracted and subjected to Western blotting 1, 2, and 3 days after the balloon injury. As shown in Figure 1A , balloon injury resulted in a marked increase in phosphorylation at tyrosine 731, a major tyrosine site for c-Cbl phosphorylation, without affecting the c-Cbl protein expression level. These results indicate that arterial injury leads to tyrosine phosphorylation of c-Cbl.
Denudation of endothelial cells after balloon angioplasty results in the release of PDGF. Because PDGF, particularly PDGF-BB, plays an important role in restenosis after vascular A, Construction of the c-Cbl mutant. Three major tyrosine phosphorylation sites were disrupted by replacing tyrosine (Y) with phenylalanine (F) at 700, 731, and 774. The c-Cbl mutant was fused to an HA tag and subcloned into the tet-off expression cassette. Recombinant adenovirus encoding the c-Cbl mutant, Ad-c-Cbl-m, was constructed through Cre-lox homology recombination in 293 cells. B, SMCs were coinfected with Ad-c-Cbl-m and Ad-tTA at 50 multiplicity of infection in the presence or absence of tetracycline (Tc; 0.1 g/mL) for 24 hours. Total RNA and proteins were extracted and subjected to Northern (left) and Western (right) blotting, respectively. C, Expression and intracellular localization of the c-Cbl mutant were revealed by immunofluorescence staining for total c-Cbl (TRITC) and the mutant HA-Cbl (FITC) and visualized with confocal microscopy. Hoechst 33258 stains cell nuclei. Scale barϭ20 m. TKB indicates tyrosine kinase-binding domain; RING, RING finger; UBA, ubiquitin-associated domain; ITR, inverted terminal repeat; tetO, tet operon; CMV, minimal cytomegalovirus promoter; and X cassette: expression cassette.
injury, we studied the effect of PDGF-BB on c-Cbl tyrosine phosphorylation in cultured SMCs using Western blotting ( Figure 1B ). PDGF-BB induced a rapid c-Cbl tyrosine phosphorylation, which is known to recruit PI3K to activate Akt. Akt can specifically phosphorylate the mTOR on Ser 2448 and is a downstream kinase implicated in SMC proliferation and migration. We found that PDGF-BB triggered a rapid and sustained phosphorylation of Akt on Thr 308 and mTOR on Ser 2448 ( Figure 1B ). Pharmacological inhibitors of PI3K and mTOR were used to further clarify their hierarchical relationship. The results showed that LY294002 abolished the phosphorylation of Akt and attenuated mTOR activation but had little effect on c-Cbl phosphorylation; rapamycin inhibited mTOR phosphorylation without suppressing c-Cbl and Akt phosphorylation ( Figure 1C ), suggesting the involvement of c-Cbl tyrosine phosphorylation in a hierarchical signaling cascade from c-Cbl to PI3K, Akt, and mTOR.
Ablation of c-Cbl Tyrosine Phosphorylation Suppresses Vascular SMC Proliferation and Migration
Tyrosine phosphorylation of c-Cbl provides a docking site for p85, the regulatory subunit of PI3K, and recruits PI3K to activate its effector Akt. To investigate the functional role of c-Cbl tyrosine phosphorylation in vascular SMCs, we constructed a recombinant adenovirus expressing c-Cbl-m in which tyrosine was mutated into phenylalanine at positions 700, 731, and 774, which are the major tyrosine phosphorylation sites for c-Cbl (Figure 2A ). 19 SMCs were coinfected with the adenovirus encoding c-Cbl-m (Ad-c-Cbl-m) and the virus expressing tTA (Ad-tTA). Conditional expression of c-Cbl-m in SMCs was confirmed at both the mRNA and protein levels ( Figure 2B ). Notably, expression of c-Cbl-m, as detected by anti-HA antibody, was suppressed in the presence of tetracycline. In addition, immunofluorescent staining demonstrated that the cytoplasmic distribution of c-Cbl-m in SMCs is similar to that of the endogenous c-Cbl ( Figure 2C ).
Because PDGF-BB is known to potently stimulate SMC migration and proliferation, which are the central events in neointimal hyperplasia after angioplasty, 3, 4 we examined the effect of inhibition of c-Cbl tyrosine phosphorylation on these PDGF-induced cellular processes. As shown in Figure 3A , the PDGF-BB-induced SMC proliferation was significantly suppressed by overexpression of c-Cbl-m but not by the sham infection. Wound closure assay also showed that c-Cbl-m significantly inhibited the PDGF-stimulated migration of SMCs ( Figure 3B ). In addition, flow cytometric analyses demonstrated that the overexpression of c-Cbl-m significantly restricted G1/S progression ( Figure 3C) .
Because agents such as FGF also may play important roles in SMC proliferation and stimulate tyrosine phosphorylation of c-Cbl, 8, 10 we examined the effect of c-Cbl-m on SMC proliferation stimulated by FGF or serum in the absence of PDGF. The results showed that the c-Cbl mutant strongly suppressed the proliferative response induced by FGF ( Figure  3D ), suggesting that c-Cbl tyrosine phosphorylation is a critical event in mediating the proliferation of SMCs in response to multiple mitogens. 
c-Cbl Tyrosine Phosphorylation Mediates PI3K/Akt/mTOR Activation in SMCs
Because the primary binding site for p85 (Tyr 731 in c-Cbl) has been removed in c-Cbl-m, 25 we asked whether c-Cbl-m could inhibit the phosphorylation of Akt and mTOR. As shown in Figure 4 , in the SMCs overexpressing c-Cbl-m, the phosphorylation of Akt and mTOR induced by PDGF-BB, bFGF, or serum was attenuated compared with those with sham infection. These results indicate that the inhibitory effects of the c-Cbl mutant on SMC proliferation and migration may result from suppression of Akt and mTOR phosphorylation.
To further define the functional involvement of the c-Cbl, PI3K, and Akt signaling pathways, we used the adenoviruses expressing constitutively activated PI3K or Akt. SMCs were coinfected with Ad-c-Cbl-m, together with Ad-CA-PI3K, Ad-CA-Akt, or Ad-green fluorescent protein (GFP) (as a control), and their proliferation and migration in response to PDGF-BB were measured. The overexpression of either CA-PI3K or CA-Akt can attenuate the suppressive effects of c-Cbl-m compared with the GFP control ( Figure 4B ). These results provide further support that the effects of c-Cbl-m on SMC proliferation and migration are mediated by the inhibition of PI3K and Akt pathways.
Overexpression of c-Cbl-m Increased Ubiquitination of PDGF and FGF Receptors
Besides being an adaptor protein to mediate the activation of the downstream kinase signaling cascade, c-Cbl also is known to be a negative regulator of receptor and nonreceptor tyrosine kinases, which is due largely to its E3 ubiquitin ligase activity on the RING finger domain. 26 Therefore, we examined the effect of c-Cbl-m on the ubiquitination of PDGFR␤ and FGFR in SMCs. Immunoprecipitation assays demonstrated that overexpression of c-Cbl-m promoted the ubiquitination of both receptors, shown as increased largemolecular-weight ubiquitin smears. Subsequently, the abundance of the receptors for FGF and PDGF was decreased in SMCs expressing c-Cbl-m ( Figure 5 ). These results suggest that the ubiquitination-mediated downregulation of the surface receptors for FGF and PDGF also may contribute to the diminution of their signaling by c-Cbl mutant.
Overexpression c-Cbl-m Inhibits SMC Proliferation, Migration, and Intimal Hyperplasia In Vivo
To ascertain the physiological role of the c-Cbl tyrosine phosphorylation in intimal hyperplasia in vivo, rat carotid To examine the effect of mutant c-Cbl on SMC proliferation in vivo, in vivo labeling of replicating SMCs with BrdU was performed 7 days after injury. Immunohistochemical studies demonstrated that the c-Cbl mutant effectively suppressed SMC proliferation in neointima ( Figure 6C ). Consistent with the previous studies, 24 examination at 4 and 14 days after injury showed rare BrdU labeling within intima (data not shown). To investigate whether SMC migration from the media to the intima was suppressed, we measured the number of SMCs in the intima at 4 days after injury when the cells first migrate in and before they have time to replicate. 27 The decrease in cells in the neointima, although not a direct measurement of the migratory activity, suggests that the mutant c-Cbl inhibited SMC migration into intima in vivo, thus corroborating the suppressive effect of c-Cbl-m on SMC migration in vitro ( Figure 6D ).
Fourteen days after the balloon injury and gene transfer, we evaluated the effect of c-Cbl-m on intimal hyperplasia and restenosis. As shown in Figure 6E , gene transfer of c-Cbl-m significantly decreased the neointimal area and intima-tomedia ratio compared with the control group. Immunohistochemical study using an antibody against von Willebrand factor did not find an effect of the c-Cbl mutant on reendothelialization in the injured arteries (supplementary Figure II) . These results demonstrated that c-Cbl tyrosine phosphorylation plays a critical role in neointimal hyperplasia.
Discussion
Proliferation and migration of SMCs in the arterial wall play pivotal roles in atherosclerosis and restenosis. 1, 28 In the present study, we demonstrate for the first time that balloon injury in arteries and PDGF in cultured SMCs stimulate the tyrosine phosphorylation of c-Cbl. We also show that the c-Cbl mutant, which is deficient in the major tyrosine phosphorylation sites, attenuates the activation of the Akt/ mTOR pathway and inhibits SMC migration and proliferation in response to PDGF, FGF, and serum. Finally, we demonstrate that in vivo gene transfer of the c-Cbl mutant inhibits SMC proliferation and migration in vivo and prevents neointimal hyperplasia after balloon injury.
c-Cbl undergoes tyrosine phosphorylation in response to a multitude of stimuli, including activated growth factor receptor protein tyrosine kinases (PTKs; such as epidermal growth factor receptor, FGFR, and PDGFR), cytokines, hormones, and mechanical stimuli (such as shear stress). We describe here that c-Cbl undergoes tyrosine phosphorylation in the arterial wall after balloon injury and in cultured aortic SMCs after PDGF-BB stimulation. Given that PDGF-BB and FGF, released as a result of endothelial denudation, are the most potent SMC chemoattractant and mitogen, respectively, they may account for the c-Cbl tyrosine hyperphosphorylation in the balloon-injured vessel. However, stimulation from other growth factors such as EGF could not be excluded. To the best of our knowledge, this study is the first to show the functional significance of c-Cbl tyrosine phosphorylation in terms of vascular SMC proliferation and migration both in vitro and in vivo. Most important, gene transfer of a tyrosine phosphorylation-deficient c-Cbl mutant potently suppressed neointimal formation in the well-characterized rat carotid artery balloon injury model. These findings point toward a previously unrecognized role of c-Cbl in pathological vascular remodeling. From a therapeutic standpoint, our study provides the first proof of concept that the modulation of c-Cbl phosphorylation may be a fruitful approach to the treatment of vascular diseases such as atherosclerosis, transplant vasculopathy, and restenosis after angioplasty.
A key finding of the present study is the identification of the molecular mechanisms by which the c-Cbl mutant exerts its vascular protective effect. Phosphorylation of the tyrosine residues on the C-terminus by receptor or nonreceptor PTKs enables c-Cbl to act as a multivalent adaptor for a plethora of SH-containing molecules to positively regulate these signal pathways. Constitutive tyrosine phosphorylation of c-Cbl has been found in various specimens and cell lines from cancers. 29 Tyrosine 700, 731, and 774 have been identified as major phosphorylation sites by receptor and nonreceptor PTKs. 19 Phosphorylation of tyrosine 731 provides a docking site for p85-PI3K, which generates specific inositol phospholipids and recruits Akt to the cell membrane for its activation. 9, 30, 31 Akt promotes cell-cycle progression of SMCs and plays an essential role in injury-induced neointimal hyperplasia 32 and in-stent restenosis. 33 By phosphorylating and inactivating the tuberous sclerosis complex (TSC-2), Akt activates mTOR. Activated mTOR further phosphorylates p70S6 kinase (S6K) and 4E binding protein-1 (4EBP-1), which are engaged in ribosome biogenesis and initiation of translation, thus promoting cell growth. 34 A role of mTOR in pathological vascular remodeling is highlighted by the clinical effectiveness of rapamycin (sirolimus)-coated stents in reducing restenosis and the observation that mTOR is activated in neointimal SMCs, exhibiting increased phosphorylation. 35 In agreement with the previous observations, we found that the phosphorylation of Akt and mTOR is increased in ballooninjured arteries and in cultured SMCs stimulated by PDGF-BB, bFGF, or serum. In this study, disrupting the major tyrosine phosphorylation sites of c-Cbl suppresses activation Figure 6 . Adenovirus-mediated overexpression of c-Cbl mutant prevents intimal hyperplasia in the balloon-injured carotid arteries. Rat carotid arteries were balloon injured and infected with Ad-c-Cbl-m or Ad-LacZ. A, The infected arteries were excised and frozensectioned or subjected to protein extraction 3 days after the infection. Expression of c-Cbl-m was detected by immunohistochemical staining using anti-HA or by Western blotting using antibody against c-Cbl, phospho-Tyr731-c-cbl, or tubulin. Scale barϭ50 m. B, Immunohistochemical staining was performed with anti-phospho-Thr308-Akt or control IgG. Western analyses were performed using antibodies against phospho-Akt, Akt, phospho-Ser2448-mTOR, mTOR, HA, or tubulin in the arteries 7 days after the injury. Results shown are representative of at least 3 animals in each group. Scale barϭ25 m. C, In vivo proliferation rate was assessed by measuring BrdU-labeling indexes 7 days after injury. Bar graph represents percentages of BrdU-positive cells within neointima and expressed as meanϮSEM. Scale barϭ25 m. **PϽ0.01. D, In vivo SMC migration was assessed in Cbl-m-and sham-infected arteries 4 days after injury by counting cells within internal elastic lamina in 20 sections from each artery taken at 100-m intervals. Five arteries were examined in each group; mean and SEM are shown. **PϽ0.01. E, Vessels were harvested 14 days after injury to evaluate neointimal formation. Intimal and medial areas were measured and expressed as meanϮSEM of neointimal area (mm 2 ) or intima-to-media ratio (I/M). Scale barϭ100 m. ***PϽ0.001. Ad-c-Cbl-m vs Ad-LacZ. nϭ10 for Ad-LacZ; nϭ11 for Ad-c-Cbl-m group.
of Akt and mTOR in vitro and in vivo. We postulate that this suppressive effect is due to the blockade of PI3K/Akt/mTOR cascade because the mutation of the primary binding site for p85 (Tyr 731 in c-Cbl) disrupts the p85 association with c-Cbl. This notion is reinforced by the finding that these suppressive effects are overridden by overexpression of constitutive activation of either PI3K or Akt. c-Cbl also is a negative regulator of many signal pathways. The c-Cbl RING finger has intrinsic E3 ligase activity and can recruit E2s for the transfer of ubiquitin to substrates. 36, 37 c-Cbl promotes ligandinduced ubiquitination of PDGF receptors ␣ and ␤ in fibroblasts and FGFR in HeLa cells. 10, 26, 38 Although the major tyrosine residues responsible for docking the SH2-containing proteins have been removed in c-Cbl-m, the tyrosine residue implicated in the E3 activity of c-Cbl located between tyrosine kinase-binding and RING (Tyr-371 and Tyr-368) 39 remains intact, and this preserves the negative regulatory activity ( Figure 5 ). Therefore, overexpression of the c-Cbl mutant may inhibit neointimal hyperplasia via a mechanism involving 3 effects: negations of the PI3K/Akt/mTOR activation by nullifying its ability as an adaptor, downregulation of the growth factor receptors by enhancing its ability as an E3 ligase, and inhibition of the phosphorylation of the endogenous c-Cbl (Figure 7 ). Although we have demonstrated PI3K/Akt to be a major pathway responsible for the suppression of growth factor-induced proliferation and migration by c-Cbl-m in SMCs, many other kinase pathways such as Src, Cin85, Crk, and PLC␥ also depend on the adaptor function of c-Cbl, 40 -43 and their possible roles deserve further assessments.
Conclusion
The present study has demonstrated a novel role of c-Cbl in vascular remodeling after injury and suggests that modulation of c-Cbl phosphorylation may have potential implications in the treatment of pathological vascular remodeling such as restenosis after angioplasty. 
